ABSTRACT Epoxy resin used as insulating material in electrical and electronic devices is often subjected to a great risk of deterioration induced by partial discharge (PD). The resistance to PD becomes a key factor that influences the lifetime of the epoxy resin. Nano-sized inorganic filler doping has been reported to have a positive effect on improving the PD resistance by forming epoxy based nanocomposites with proper type and content of nano-fillers. In this work, attempts have been made to further improve the PD resistance of epoxy nanocomposites through high energy irradiation method. The epoxy/Al 2 O 3 nanocomposites have been prepared with the filler content of 4 wt%. The neat epoxy and the nanocomposites were both irradiated by a 7.5 MeV electron beam with the total dose of 500 kGy. PD erosion of the material was introduced by means of needle-to-plate electrode system, and the PD resistance was estimated through the measurement of maximum erosion depth occurring on the sample surface. Frequency dependent relative permittivity, scanning electron microscopy, differential scanning calorimetry, and fourier transform infrared spectrum have been employed to assist in the analysis of radiation induced variation in sample's resistance to PD. Obtained results indicated that after irradiated by the electron beam with 500 kGy, the samples exhibited remarkable enhancement in PD resistance compared with the un-irradiated samples. It suggests that the PD resistance of the nanocomposites is dependent upon the molecular structure of the base polymer, which could be modified by the irradiation induced crosslinking reaction.
I. INTRODUCTION
Owing to its excellent electrical and mechanical properties, epoxy resin has been extensively used as insulating material in electrical and electronic devices. The safety and the reliability of the devices have a strong dependence upon the insulation property of epoxy resin [1] - [4] . During the operation of the devices, partial discharge, which is defined as localized electrical discharge that only partially bridges the insulation between conductors, may occur because of the local electric field distortion [5] . The PD could give rise to ion and electron bombardment, light emission and heat transfer to the covalent bonds that compose the polymer [6] . Accordingly, PD has been considered as an essential factor which leads to the deterioration of epoxy resin and results in shorter lifetime than it is designed for.
In order to improve the resistance to PD of epoxy resin, nano-sized inorganic particles have been doped into the polymer matrix to form the nanocomposites, and it has been confirmed that the resistance to PD can be enhanced with proper content of nano-sized fillers [7] - [9] . Yamazaki et al. [7] reported that the erosion caused by PD was suppressed to less than half with the addition of 5 wt% titanium dioxide or layered silicate into the epoxy resin. Preetha and Thomas [8] found that epoxy/alumina nanocomposites with various filler loadings improved resistance to surface discharge degradation, even with nano-fillers of 0.1 wt% added, the PD resistance got improved considerably. Li et al. [9] reported that the 2 wt% nano-filler addition enhanced both breakdown strength and PD resistance of 60 wt% microAl 2 O 3 /epoxy composite. The improvement on PD resistance has been ascribed to the presence of the nano-fillers which tends to block the ion and electron bombardment and light emission, as well as limit the penetration of oxygen [7] - [9] , as a result the rupture of molecular chains and oxidation reactions are restricted.
However, there are some shortcomings in employing the inorganic nano-particles to improve the PD resistance of epoxy resin. For instance, although theoretically speaking higher content of the inorganic filler would significantly enhance the resistance to PD of polymer, it possibly results in aggregation that introduces defects into the matrix as well [10] . Accordingly, the electrical strength of the polymer may be reduced. Moreover, large amount of the inorganic particle loading tends to enhance the brittleness of the polymer nanocomposites [11] , which limits the application fields of the polymer as insulating material. Therefore, with the purpose of further improving the PD resistance of the polymer, the modification of polymer molecular structure may be a reasonable option. High energy electron beam irradiation has been widely used for polymer modification through mechanisms like radiation induced crosslinking or grafting, which could give rise to the promotion of electrical property of the material [12] . However, whether the resistance to PD of epoxy nanocomposites could be improved by irradiation treatment is still not fully understood.
In our previous paper, we have reported on the dependence of PD resistance of epoxy resin and its nanocomposites upon the total irradiation dose of electron beam. It was observed that after irradiated by electron beam with proper accumulated dose, the resistance to PD of the materials could be enhanced [13] . In this work, attempts have been made to improve the resistance to PD of epoxy/Al 2 O 3 nanocomposites by high energy electron beam irradiation of 7.5 MeV with a total dose of 500 kGy. Experimental data from Frequency Dependent Relative Permittivity (FDRP), Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared Spectrum (FTIR) have been obtained to provide further interpretation on the mechanism of electron beam irradiation modified PD resistance of epoxy and its nanocomposites. Obtained results indicated that crosslinking reaction might occur within the samples. It is proposed that the resistance to PD of the nanocomposites can be further enhanced by the radiation induced crosslinking structure that alleviates the impact of discharge ions and restricts the diffusion of oxygen.
II. EXPERIMENTAL SETUP A. SAMPLE PREPARATION AND IRRADIATION TREATMENT
The 2 mm-thick epoxy/Al 2 O 3 samples were prepared by employing diglycidyl ether of bisphenol A (E44, Tianjin Yanhai Chemical, China) as the base material and Al 2 O 3 (Nanjing Haitai, China) as fillers with the content of 4 wt%. The average particle size was 20 nm. The chemical structure of the base epoxy is shown in Fig. 1 . The samples were prepared according to the following procedure. The nanosized Al 2 O 3 particles which had been dried in a temperature controllable drying chamber at 120 • C for 24 h were mixed into the liquid epoxy resin by means of magnetic force stir and ultrasonic vibrator to obtain a uniform dispersion of the particles within the polymer matrix. The hardener (LMW polyamide 651#, Tianjin Yanhai Chemical, China) of suitable mass was then put into the mixture and stirred in a water bath at 50 • C for 10 minutes, after which the new mixture was cast into the preheated mold and degassed in a vacuum chamber for 1.5 hours. The samples were then kept in the vacuum for 24 hours and solidified in air at room temperature. All the samples obtained were of a slab shape with dimensions of 100 mm×100 mm× 2 mm, part of which were sliced into 50 mm×50 mm×2 mm for the PD erosion test.
The samples were irradiated in air at room temperature by high energy electron beam of 7.5 MeV with beam density ranging from 0.35 to 0.45 mA/cm 2 at Tianjin Institute of Technical Physics, Tianjin, China. The electron beam was generated by a linear accelerator and it was confirmed by calculation that the electron beam of 7.5 MeV could penetrate the samples [14] . The average dose rate of the irradiation was ∼8.82 kGy/min, and the total irradiation dose was up to 500 kGy. The absorbed dose was measured through the radiochromic film dosimetry system. The reason why such a total irradiation dose has been selected is that lower irradiation dose has been found to have a negative effect on varying the chemical structure of epoxy, which may lead to the decrease in its electrical property [13] . In order to avoid the influence of residual electrons that might be implanted within the material, the irradiated samples were emerged in ethyl alcohol and cleaned by means of an ultrasonic vibrator for 30 min. Surface potential of the samples was measured by an electrostatic voltmeter (Trek 347-3HCE, USA) coupled with a Kelvin type probe (Trek 6000B-5C) which has a measuring range from -3 kV to 3 kV and relative accuracy of ±0.1%. The potentials of all the irradiated samples were lower than 10 V in magnitude, which confirmed the removal of residual charges from the test samples. 
B. TEST CIRCUIT AND ELECTRODE ARRANGEMENT FOR PD EROSION TEST
The schematic diagram of the test circuit and the electrode system is shown in Fig. 2 . A frequency controllable high voltage AC source was employed to provide the high frequency AC voltage with a sinusoidal waveform that initiated the PD. A digital oscilloscope was used to monitor the voltage that was applied between the electrode system.
In order to introduce PD to the samples, the needle-to-plate electrode system has been used in the test. The diameter of the needle electrode was 1 mm and the tip radius of curvature was 20 µm. The plate electrode was a 1 mm-thick stainless steel laminate. The nanocomposite sample was placed on the plate electrode, and the needle tip was positioned 0.2 mm above the sample surface. Before the test, the sample was cleaned with ethyl alcohol and kept in a temperature controllable drying chamber at 100 • C for 2 hours.
The PD erosion test was performed at 20 • C with relative humidity of 15%. By applying an AC voltage of 4 kV in magnitude with frequency of 10 kHz between the needle electrode and the plate electrode, gaseous discharges were triggered between the needle tip and the sample surface, by which the material tended to be eroded. Each sample was exposed to the PD for 2 hours and the erosion profile was gradually formed in the bulk of the sample. Such a profile was measured by a mechanical surface profilometer (Vecco Dektak-6M, Japan), from which the maximum erosion depth could be extracted and used for the evaluation of PD resistance of the sample.
C. MATERIAL CHARACTERIZATION 1) SCANNING ELECTRON MICROSCOPY
Scanning Electron Microscopy (Nanosem430, FEI, USA) is an effective way to observe the surface morphology of the sample by secondary electron signals. In current work, SEM was employed to evaluate the dispersion of the nano-fillers within the polymer matrix. The cross section of the sample was coated with gold since the epoxy resin itself was not conductive. With regard to the settings for SEM, the accelerating voltage was 15 kV and the energy of the electron beam was 15 keV with the beam spot of 4.5. The images were captured at the magnification of 60,000.
2) VISUAL INSPECTION ON PD ERODED SURFACE
In order to obtain the direct evidence on the erosion feature of the sample surface, visual inspection was conducted on PD eroded epoxy nanocomposites by using an optical microscope (XSP-3CB, Optical Instrument, Shanghai, China). Such an optical microscope could be employed to examine the transparent film or sheet sample with the maximum magnification of 1600X. The magnification used in this work was set at 160X.
3) FREQUENCY DEPENDENT RELATIVE PERMITTIVITY
The dependence of relative permittivity of epoxy nanocomposite samples upon frequency was estimated by means of a Precision LCR Meter (Agilent E4980A) with a specific electrode system (Agilent 16451B). The relative permittivity was recorded as a function of the frequency of applied voltage in the range between 1 kHz and 1 MHz for both un-irradiated and irradiated samples. The measurement was performed at room temperature with relative humidity of 40%.
4) DIFFERENTIAL SCANNING CALORIMETRY
Thermal properties of the epoxy nanocomposite samples were analyzed through Differential Scanning Calorimetry (DSC) by means of Perkin Elmer Diamond DSC. The test was conducted in nitrogen atmosphere with the temperature between 0 • C and 180 • C at a rising rate of 10 • C/min. As DSC curve was recorded, the Glass Transit Temperature T g at which a polymeric material goes from a hard brittle state to a soft rubbery state could be extracted. The value of T g is determined directly by the mobility or the flexibility of molecular chains [15] . Hence T g can be employed for the estimation of irradiation induced variation in physical and chemical structures of the test samples.
5) FOURIER TRANSFORM INFRARED SPECTRUM
Fourier transform infrared (FTIR) spectrum for both irradiated and un-irradiated samples were measured so as to gain further information on the variation of chemical structures of the neat epoxy and its nanocomposites samples. As the material tends to be non-transparent after the irradiation, powder samples obtained from the cross-section of the material were employed for the FTIR measurement. In order to eliminate the influence of moisture, the powders and potassium bromide were heated up to 60 • for 30 min and then grinded and mixed together in a weight ratio of 1:20 to be pressed into a tablet sample. The FTIR spectrum was measured by Bruker TENSOR 27 with the wavenumber range between 400 cm −1 and 4000 cm −1 . The resolution was 4 cm −1 and the scanning number was set at 16 times.
III. TEST RESULTS
The influence of nano-sized particle dispersion on the electrical properties of the nanocomposites has been reported by previous researchers. It was found that the nano-sized fillers tended to aggregate within polymer matrix due to the high surface energy of the particles [16] . The agglomeration of the particles tends to introduce defects into the base polymer and the electrical properties of the nanocomposites might be weakened and therefore inferior to the neat polymer [10] , [17] . Accordingly, agglomeration of the particles should be avoided in the nanocomposites. Fig. 3 shows the typical micro-profiles of neat epoxy and its nanocomposites both before and after the irradiation treatment. It can be observed that the Al 2 O 3 particles are located separately within the bulk. Actually, due to high surface energy of the nanoparticles, the agglomeration of them is very easy to take place in polymer matrix, and the ideally separated dispersion is usually difficult to obtain. However, from the viewpoint of insulation property, the dispersion feature shown in this work is comparable with that in previous publication [8] . In addition, the nanocomposites prepared do exhibit better resistance to PD, as is shown below in Fig. 7 . It is then proposed that the agglomeration within the samples used for this research is reasonably acceptable. In addition, the dispersion manner is not remarkably changed by the electron beam irradiation. It should be noticed that the nano-fillers of different sizes are presented due to the deviation in the particle size. Such filler dispersion characteristic is confirmed in both irradiated and un-irradiated samples.
PD is generally a consequence of local electric field concentration in the bulk or on the surface of insulation and is often accompanied by ion and electron bombardment, light emission and heat transfer, by which polymeric insulation tends to be degraded and the lifetime of the material is reduced [6] . In current work, PD was triggered by a high frequency AC voltage applied between the needle electrode and the plate electrode. It was observed that once the AC voltage was applied, a discharge channel immediately formed between the needle tip and the sample surface. Such discharge which did not bridge the electrodes could be considered as PD. Due to the impact of the discharge, the sample surface was eroded, thus gradually forming an erosion profile. Figs. 4 and 5 show the typical surface features of neat epoxy and its nanocomposites before and after they are exposed to the PD erosion. As is shown in Fig. 4 , the color of un-irradiated epoxy and its nanocomposites is light yellow, and the addition of 4 wt% Al 2 O 3 nano-filler doesn't significantly change the color of the composites as compared to the neat epoxy. However, after the samples are subjected to the irradiation treatment, as depicted in Fig. 5 , the color becomes light brown. This suggests that the microstructure of the material is significantly varied by the irradiation. In addition, it can be seen from Figs. 4 and 5 that the sample surface which is not eroded by the PD is relatively smooth, but after the PD erosion, the roughness of the eroded area is much higher as compared with that of the un-eroded area, which indicates that the surface profiles are obviously changed by the discharge erosion. Fig. 6 shows the typical erosion profiles in two-dimensional view by taking the irradiation treated and un-treated nanocomposite samples as examples. The profiles exhibit a similar characteristic that there forms a cone-shaped erosion profile within the sample bulk, which corresponds to the position beneath the needle electrode. It is also noticed that the edge of the erosion profile is not as smooth as the un-eroded surface, which is considered to be ascribed to the randomness of electrical discharge. This is the reason why the surface is not uniformly eroded as well, as illustrated in Figs. 4 and 5 . In addition, it should be stated that the better the resistance to PD of the material is, the smaller the erosion volume is. As shown in Fig. 6 , the maximum erosion depth has a positive correlation with the erosion volume. Accordingly, the maximum erosion depth could be employed to estimate the PD resistance of the samples in this research.
The effect of high energy electron beam irradiation treatment on the maximum erosion depth of the neat epoxy and its nanocomposites is depicted in Fig. 7 . It can be found that all the erosion depths are in the range of several tens of µm. For both the un-irradiated and the irradiated epoxy samples, the addition of the nano-fillers appears to reduce the maximum erosion depth. For instance, it can be seen that the maximum erosion depth for un-irradiated epoxy nanocomposites decreases by a factor of ∼18.3% as compared with the un-irradiated neat epoxy. This suggests that the resistance to PD of epoxy can be improved to a certain level only by the nano-filler doping. As regards the electron beam treated epoxy samples, it is found that the maximum erosion depth tends to become lower as compared with those untreated. In particular, the irradiated epoxy nanocomposites exhibit a maximum erosion depth that is much lower than the untreated neat epoxy by a factor of ∼43.9%. It indicates that the resistance to PD of the nanocomposites could be further improved by the irradiation.
In order to better understand the mechanism of electron beam irradiation enhanced resistance to PD of the nanocomposites, the FDRP and DSC curves have been measured. As reported in our previous work, the relative permittivity has a close relation to the molecular structure in epoxy resin. Thus, it could be employed to assist in the analysis of radiation induced variation in physical or chemical structures of the samples [18] . The typical relationship between the relative permittivity and the frequency of applied voltage for both neat epoxy and epoxy nanocomposites is shown in Fig. 8 . It can be found that with the increase of the frequency, the relative permittivity tends to decrease. For instance, the permittivity of un-irradiated neat epoxy at 1 kHz is 4.1, which reduces to 3.82 as the frequency increases up to 1 MHz. The permittivity of the epoxy nanocomposites is lower than that of the neat VOLUME 6, 2018 epoxy at the each frequency. Moreover, it is also noticed that the permittivity of the irradiated samples is lower than that of the un-irradiated samples, and such behavior is presented in both neat epoxy and epoxy nanocomposites, which indicates that the dipole polarization is weakened by the irradiation. Fig. 9 shows typical melting curves for neat epoxy and its nanocomposites both before and after the irradiation treatment. It can be observed that the curves exhibit a similar trend, which means that the melting property of the samples is not varied remarkably by the electron beam irradiation. T g can be extracted from the curve by determining the midpoint in the transition area, which has been marked in each curve of Fig. 9 . The effect of the irradiation on T g of both neat epoxy and epoxy/Al 2 O 3 nanocomposites is shown in Fig. 10 . After the irradiation, T g increases for both neat epoxy and the nanocomposites, which indicates that the movement ability of the molecular chains is restricted. In addition, the adding of the nano-sized fillers leads to a decrease in T g , which suggests that the molecular chains tend to move more easily in the nanocomposites than in the neat epoxy.
IV. DISCUSSION
Epoxy resin is composed of covalent bonds with relatively low bond energy of 4 eV on average [19] . As the material is exposed to PD, it would be subjected to several effects caused by the discharge, as is illustrated in a scheme in Fig. 11 , which results in the erosion of the polymer. One of the most important effects should be the bombardment of ions and electrons generated from the discharge [6] . The charges with energy larger than 5 eV are sufficient to rupture the molecular chains, thereby degrading the material [20] . It is assumed that when the covalent bonds are ruptured, chemical reactions can occur with the formation of gaseous products, leaving voids or cavities in the material. Moreover, activated molecules can be generated in this process as well and further reactions of the material with the oxygen in the air can be encouraged, so that the material are eroded gradually [6] . Another effect induced by PD that facilitates the erosion of polymer is high temperature gases which cause local heating and melting of the polymer. Such a local heating phenomenon accelerates the erosion of polymer since generally chemical reactions are encouraged at high temperature, as well as the diffusion of oxygen through the solid polymer [21] . Light emitted from the discharge channel has also been seen as an important reason for the rupture of covalent bonds, thus generating a larger number of activated molecules for chemical reactions to form gaseous products [22] . As a consequence, the polymer surface tends to be eroded and an erosion trace is gradually formed.
With the adding of the nano-sized Al 2 O 3 particles, the nanocomposites exhibit better resistance to PD as compared with the neat epoxy resin. It has been pointed out that the inorganic fillers can act as a barrier to the charge bombardment as well as light emission, as is shown in Fig. 12 . Thus the rupture of the molecular chains could be restricted [6] , [23] . Furthermore, it is assumed that when added with nano-fillers the polymer matrix is segmented by them, and such segmentation effect could restrict the expansion of the erosion area. In addition, the presence of the nanofillers appears to weaken the diffusion of gases or activated oxygen atoms into the matrix, thereby limiting the chemical reactions that give rise to the erosion [6] , [23] . From the viewpoint stated above, it is likely to understand why the resistance to PD is improved as the Al 2 O 3 fillers are added into the epoxy matrix.
The covalent bonds that make up the polymer can be easily ruptured as the material is subjected to high energy electron beam irradiation [24] . When the bonds are broken, activated radicals are formed to encourage chemical reactions through mechanisms like chain scission, oxidation and crosslinking, by which the chemical and physical structures of the material are varied [24] - [27] . Generally, crosslinking and degradation reactions occur simultaneously within the material, and the impact on electrical insulation property of the material is dependent upon the dominant mechanism. It should be mentioned that although the epoxy has been cured, crosslinking reactions could still happen within the material to further increase the crosslinking density of the material. For instance, P.M. Visakh et al have reported on the effect of electron beam irradiation on thermal and mechanical properties of aluminum based epoxy composites. The composites were prepared by employing epoxy-diane resin ED-20 as the base resin, polyethylenepolyamine as the curing agent and aluminum nano-powder as the filler. It was found that when the cured epoxy composites were irradiated up to 100 kGy, the crosslinking density of the materials was increased [28] . Khaksari et al. [29] have found that the mechanical properties of epoxy/clay nanocomposites were improved after electron beam irradiation with 100 kGy, which was attributed to the occurrence of crosslinking reactions. The possible reason may be that the un-reacted epoxides are still present within the cured resin, as reported by Saif et al. [30] and Djouani et al. [31] . In particular, as nano-fillers are added into the epoxy system, the curing of epoxy could be remarkably influenced since part of the epoxy molecules could be separated from the curing agent by the fillers, leading to the residual of the un-reacted epoxides [32] . In order to better understand the variation in chemical structure of the samples, FTIR spectrum of both un-irradiated and irradiated samples was measured and the results are shown below in Fig. 13 . It can be seen that the absorption peaks at 916 cm −1 have been detected in both un-irradiated neat epoxy and the unirradiated nanocomposites, which suggests the presence of un-reacted epoxides as reported in previous studies mentioned above [30] , [31] . In particular, the intensity of absorption peak at 916 cm −1 of the un-irradiated epoxy nanocomposites is obviously higher than that of the un-irradiated neat epoxy, which is due to the limitation of nano-fillers in the curing process of epoxy resin [32] . However, after irradiated with the electron beam, the absorption peaks at 916 cm −1 disappear for both the neat epoxy and its nanocomposites, which suggest the improved curing of epoxy caused by the high energy electron beam and the crosslinking density is considered to increase [12] . In addition, there is no sign from Fig. 13 that oxidation reactions remarkably occur within the sample. This should be attributed to the high irradiation dose rate hence the short time of irradiation, by which oxygen diffusion into the bulk of the material is weak [30] .
The electron beam irradiation induced crosslinking reactions within the samples could be also supported by experimental data from DSC and FDRP measurements. It has been observed from Fig. 10 that after irradiated with the VOLUME 6, 2018 FIGURE 14. Scheme of the effect of crosslinking network on the PD resistance of epoxy nanocomposite samples.
electron beam, T g tends to increase for both neat epoxy and its nanocomposites. This remarkably indicates that crosslinking reactions take place within the materials, as the increase in crosslinking density would restrict the movement of molecular chain, thus leading to a higher T g [31] . In addition, epoxy resin is a kind of polar dielectric material, and dipole orientation is the primary mechanism that contributes to the relative permittivity [18] . As the epoxy samples are irradiated with the electron beam, the crosslinking molecular structures are further formed, which makes the dipole orientation difficult to occur since it would be restricted by the enhanced threedimensional network [18] . Accordingly, the permittivity of the samples appears to decrease after treated with the irradiation, as is depicted in Fig. 8 . From the above discussions, it could be deduced that the crosslinking reaction, instead of the degradation reaction, should be the dominant reaction occurring within the neat epoxy and the nanocomposite samples, which results in the increase in the formation of threedimensional molecular network. As regards the resistance to PD of the irradiated samples, it is considered that the enhanced crosslinking density can inhibit the diffusion of oxygen into the polymer [33] and alleviate the energy impact from the ion and electron bombardment, as can be seen in Fig. 14 . As a result, the samples irradiated with 500 kGy exhibit higher resistance to PD than the un-irradiated samples. Moreover, since larger amount of un-reacted epoxides remains within the nanocomposites as compared with the neat epoxy, the improvement on PD resistance is more remarkable for the nanocomposites as shown in Fig. 7 . Accordingly, electron beam irradiation is more effective in improving the resistance to PD for the nanocomposites than for the neat epoxy.
V. CONCLUSIONS
The PD resistance of neat epoxy and its nanocomposites both before and after the irradiation of 7.5 MeV electron beam has been investigated in this paper. FDRP, DSC and FTIR have been employed to assist in the understanding of irradiationinduced variation in the resistance of epoxy samples. The main conclusions are summarized as follows, 1) With the addition of 4 wt% nano-fillers, the maximum erosion depth becomes lower as compared with the neat epoxy regardless of the irradiation. It indicates that the PD resistance of both irradiated and un-irradiated epoxy can be improved by the doping of nano-sized fillers. 2) As the neat epoxy and its nanocomposites are irradiated with the electron beam, the maximum erosion depth gets decreased significantly, indicating that the PD resistance of the materials can be improved by the irradiation. 3) After irradiated with the electron beam of 500 kGy, the glass transition temperature T g of both the neat epoxy and the nanocomposites appears to increase, whereas the relative permittivity tends to decrease. 4) The electron beam irradiation increases the crosslinking density of both neat epoxy and its nanocomposites, and the improved crosslinking structure results in the enhancement of PD resistance especially for the nanocomposites.
